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time  data,  including  the  standard  travel  times  of  Lg, 
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propagates  efficiently  across  the  Indian  shield,  Tarim 
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PREFACE 

This  Rand  Note  is  part  of  a continuing  Rand  study  of  selected 
areas  of  Soviet  science  and  technology,  a project  sponsored  by  the 
Defense  Advanced  Research  Projects  Agency.  It  is  the  first  in  a 
series  of  at  least  three  studies  requested  by  the  Nuclear  Monitoring 
Research  Office  of  DARPA  in  support  of  their  research  on  seismic  de- 
tection and  discrimination  of  underground  nuclear  explosions  at 
regional  distances  (less  than  2000  km) . The  present  note  describes 
the  characteristics  of  the  Lg  phase,  a seismic  wavetrain  with  periods 
between  0.5  and  6 s transmitted  in  the  continental  crust  with  a group 
velocity  between  3.44  and  3.57  km/s,  propagating  in  the  Soviet  Union 
and  nearby  regions.  The  second  and  third  reports  in  this  series,  on 
the  characteristics  of  Rg  and  Pn  in  the  Soviet  Union,  are  scheduled 
for  publication  later  this  year.  If  sufficient  useful  data  are  avail- 
able on  other  crustal  and  upper  mantle  phases  such  as  Pg,  Sn,  etc. 
propagating  in  the  Soviet  Union,  these  phases  may  also  be  covered  in 
future  reports.  The  present  note  is  an  extensive  summary  of  pertinent 
Soviet  research  on  Lg  that  is  intended  for  U.S.  seismologists  develop- 
ing regional  discriminants  for  the  detection  and  identification  of 
underground  nuclear  explosions.  It  is  also  intended  for  seismologists 
and  geologists  dealing  with  the  interpretation  of  seismic  data  acquired 
at  regional  distances.  Time  permitting,  this  and  future  reports  on 
Rg,  Pn  and  other  phases  will  be  combined  into  a single  report  summari- 
zing and  critically  analyzing  the  Soviet  research  on  the  characteris- 
tics of  these  phases  propagating  in  the  Soviet  Union.  The  author 


welcomes  any  comments,  suggestions  and  criticisms.  All  correspondence 
should  be  sent  to  The  Rand  Corporation,  2100  M Street,  N.W.,  Washing- 
ton, D.C.,  20037. 


V 


preceding  page  blank  - not  filmed 


INTRODUCTION  AND  SUMMARY 


The  Lg  phase  is  a seismic  wavetrain  with  periods  ranging  from 
0.5  to  6 s,  propagating  with  a group  velocity  between  3. 44  and  3.57 
km/s,  the  velocity  of  shear  waves  in  the  crust.  One  of  the  most 
characteristic  properties  of  the  Lg  is  that  it  is  not  transmitted 
across  deep  ocean  basins.  The  efficiency  of  propagation  of  Lg  across 
continental  paths  also  varies  greatly.  Propagation  of  Lg  is  most 
efficient  across  stable  shield  and  platform  regions  with  a relatively 
homogeneous,  high-Q  crust,  where  Lg  is  the  predominant  phase  recorded 
at  A ■ 250  to  4000  km  and  where  it  is  frequently  observed  at  epicentral 
distances  to  6000  km.  It  propagates  less  efficiently  in  certain  large 
mountain-range  regions  with  abnormally  thick  crust,  especially  along 
paths  parallel  to  these  ranges.  The  Lg  does  not  propagate  across 
all  or  parts  of  marginal  and  inland  seas  with  non-continental  crust 
characterized  by  the  absence  of  the  granitic  layer.  It  has  therefore 
been  suggested  that  the  efficiency  of  propagation  of  Lg  depends  on  the 
presence  as  well  as  the  thickness  of  the  granitic  layer;  that  propaga- 
tion is  very  efficient  when  the  thickness  is  normal,  less  efficient 
when  it  is  thin  and  zero  (no  Lg)  when  it  is  absent. 

The  Lg  phase  forms  a distinct  wavetrain  with  sharp,  steep  onsets 
and  amplitudes  larger  than  other  conventional  phases.  Thus,  the  am- 
plitudes of  Lg  are  usually  from  5 to  50  times  greater  than  the  peak 
amplitudes  of  P.  The  duration  of  Lg  recorded  at  a few  hundred  kilo- 
meters is  20  to  30  s,  increasing  with  distance  and  reaching  60  to  90  s 
at  A = 2000  to  3000  km. 

Analysis  of  Lg  confirms  the  presence  of  two  phases:  Lgi  and  Lg2- 
The  Lgj  phase  propagating  with  a velocity  of  3.51  to  3.62  km/s  is 
recorded  as  a first  arrival  at  epicentral  distances  up  to  1500  km. 

At  longer  distances,  the  Lg!  is  replaced  by  Lg2  propagating  with  a 
velocity  of  3.28  to  3.41  km/s  and  having  slightly  longer  periods. 

Both  Lgi  and  Lg2  are  frequently  observed  together  throughout  the  whole 
range  of  distances  over  which  they  are  recorded.  Another  phase,  the 
Lg^  with  a velocity  of  3.7  to  3.8  km,  is  sometimes  recorded  by 
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Intermediate-period  seismographs.  However,  its  amplitudes  are  much 
smaller  and  the  Lg^  is  frequently  not  recorded  even  when  Lg  is  the 
predominant  phase  on  the  seismogram.  The  Lg  phase,  with  periods  varying 
between  0.5  s at  the  beginning  of  the  seismogram  and  2.5  s at  its  end, 
is  clearly  recorded  by  short-period  instruments.  The  Lg  recorded  with 
intermediate-period  seismographs  has  periods  that  increase  with  dis- 
tance, reaching  5 to  7 s at  A = 3000  to  4000  km.  The  periods  of  Lg 
also  increase  with  increasing  magnitude  of  earthquakes.  The  motion  of 
Lg  is  mostly  horizontal,  although  the  vertical  and  radial  components 
are  also  strong.  The  Lg  phase  is  characterized  by  the  absence  of 
dispersion . 

The  early  Soviet  work  on  Lg  dealt  mostly  with  the  determination 
of  the  general  characteristics  of  Lg  recorded  at  a few  Soviet  seismo- 
graphic  stations,  i.e.,  the  group  velocity  of  Lgi  and  Lg2,  their 
period  ranges  and  gross  features  of  the  propagation  efficiency  of  Lg 
[15-20].  The  first  very  extensive  analysis  of  Lg  and  other  phases 
was  published  by  Nersesov  and  Rautian  [1] . It  was  based  on  data 
from  37  earthquakes  acquired  during  1961-1962  by  short-period,  three- 
component  SKM-3  seismographs  at  54  temporary  seismographic  stations 
set  up  along  a 3500-km-long  profile,  extending  between  the  Pamir 
Mountains  and  Lena  River  (profile  A-A'  in  Fig.  la).  The  authors 
plotted  the  amplitude-distance  curves  of  various  phases  including  Lg 
from  earthquakes  originating  in  three  different  regions  in  the  Soviet 
Union,  recorded  at  epicentral  distance  ranges  between  a few  hundred 
and  3000  km.  They  also  tabulated  the  travel  times  of  Lg  for  the  south- 
southeastern  part  of  the  Soviet  Union. 

In  a 1971  paper  [2],  Antonova  determined  the  amplitude-distance 
curves  of  several  phases,  including  Lg,  from  40  crustal  earthquakes 
with  X - 9.7  to  14,  recorded  with  three-component,  short -period  SKM-3 
seismograph  systems  operating  at  12  seismographic  stations  in  North 
Tien  Shan  located  in  the  vicinity  of  Lake  Issyk  Kul,  11  of  which  are 
shown  in  Fig.  lb.  The  mean  spectral  amplitude-distance  curves  of  Lg 
from  170  earthquakes,  acquired  with  the  seven-channel,  vertical 
component  ChISS  seismograph  at  the  Talgar  station  (7  in  Fig.  la,  11  in 
Fig.  lb)  were  determined  and  published  in  a paper  by  Nurmagambetov  [5]. 


1 - Boamskoye  mhchel'ye 

2 - Charyn 

3 - Chilik 

4 - Fabrichnaya 

5 - Ili 

6 - Kurmenty 

7 - Kzyl  Agach 

8 - Naryn 

9 - Orto-Merke 

10  - Rybachye 

11  - Talgar 


Fig.  1b  — Locations  of  North  Tien  Shan  seismographic  stations, 
the  data  from  which  are  used  in  this  note 
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He  also  determined  the  ChISS  mean  velocity  amplitude  spectra  of  S and 
Lg  recorded  at  Talgar  for  epicentral  distances  A * 30,  110,  260  and 
570  km. 

A very  detailed  analysis  of  Lg  recorded  with  the  ChISS  seismo- 
graph at  the  Talgar  station  (see  Figs,  la  and  lb)  was  published  in  a 
monograph  by  Antonova,  Aptikayev,  Kurochkina  et  al.  [6],  It  is  based 
on  seismograms  of  approximately  800  earthquakes  with  K = 9 to  11  re- 
corded at  A = 200  to  1000  km  and  earthquakes  with  surface  wave  magni- 
tudes M * 4 to  5.5  recorded  at  A = 1000  to  3500  km.  The  authors 
determined  spectral  amplitude-distance  curves  of  Lg  in  four  different 
directions  from  the  station,  at  epicentral  distances  up  to  3000  km. 

These  curves  make  it  possible  to  determine  attenuation  of  Lg  with 
epicentral  distance  in  several  frequency  bands.  The  authors  also 
plotted  the  spectra  of  Lg  for  various  epicentral  distances  and  tabu- 
lated the  amplitude  correction  factor,  l.e.,  empirical  attenuation  data 
for  Lg  required  for  the  determination  of  Lg  magnitudes  from  the 
Gutenberg-Richter  formula. 

In  a paper  published  in  1961  [12]  Vald'ner  used  120  seismograms 
of  earthquakes  recorded  mostly  by  broadband  SK  seismographs  at  base 
stations  in  the  USSR  to  determine  the  approximate  travel  times  of  Lg} 
and  Lg2  at  5°  intervals  in  the  distance  range  A - 10  to  55°.  The 
most  detailed  travel  times  of  Lg  presently  used  as  the  standard  travel 
time  data  for  the  south-southeastern  part  of  the  Soviet  Union  were 
published  by  Nersesov  and  Rautian  [1].  The  travel  times  were  deter- 
mined using  seismic  data  acquired  by  54  seismographic  stations  located 
along  the  3500-km-long  profile  extending  between  the  Pamir  Mountains 
and  Lena  River  (A-A'  in  Fig.  la).  In  his  monograph  on  seismic  waves 
from  earthquakes  and  explosions  [9],  Pasechnik  included  three  sets  of 
travel  time  curves  of  various  seismic  phases  recorded  at  A $ 1200  km, 
from  a large  chemical  explosion  and  two  crustal  earthquakes,  originating 
in  Soviet  Central  Asia. 

Quite  frequently  regional  travel  times  and  travel  time  curves 
contain  data  on  a direct  shear  phase  that  at  A £ 250  to  300  km  should 
usually  be  the  Lg.  In  a few  cases,  sufficient  data  are  provided  to 
definitely  identify  this  wave  group  as  being  the  Lg  phase.  Thus,  the 
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regional  travel  times  of  various  body  waves  at  A < 600  km,  propagating 
along  the  Chatkal  range-Chuy-Ili  valleys  profile  in  Kirgizia  (see  Fig. 
IS)  determined  by  Medzhitova  and  Sabitova  [13]  from  seismograms  of  26 
earthquakes  recorded  by  21  seismographic  stations  include  the  times 
of  Lg  at  10  km  intervals  at  epicentral  distances  A = 210  to  600  km. 
These  data  are  in  good  agreement  with  the  standard  Lg  times  by  Nersesov 
and  Rautian.  In  a simil? ■ fashion,  the  travel  time  curves  of  body 
waves  plotted  by  Tsibul'chlk  [14]  for  the  Altay-Sayan  and  Tuva  regions 
in  Siberia  using  seismic  data  acquired  by  temporary  and  permanent 
stations  in  this  area  contain  a curve  for  Lg  at  A - 300  to  1100  km. 

The  differences  in  crustal  structure  of  various  regions  of  the 
Soviet  Union  determined  on  the  basis  of  the  efficiency  of  propagation 
of  Lg  and  Rg  across  these  regions  were  investigated  in  [6,8,11,15,25]. 
The  data  from  several  hundred  earthquakes  recorded  by  numerous  seismo- 
graphic stations  indicate  the  absence  of  Lg  along  paths  traversing 
the  central  part  of  the  Black  Sea  [11,18-22].  Similar  analysis  per- 
formed in  [18,19]  also  indicates  that  Lg  and  Rg  are  absent  from 
seismograms  when  their  paths  traverse  the  central  and  eastern  parts 
of  the  Caspian  Sea. 

The  propagation  of  Lg  across  a large  area  in  Central  Asia,  between 
75°  and  125°  E Long,  and  20  and  55°  N Lat.,  was  investigated  in 
[6,8,23,24].  The  analysis  was  based  on  several  hundred  seismograms 
of  earthquakes  acquired  by  a group  of  Soviet  stations  north  of  this 
area  (Talgar,  Novosibirsk,  Bodon,  Garm) , plotted  in  Fig.  la,  equipped 
with  multiple-bandpass  ChISS  seismographs  and  a group  of  WWSSN  stations 
south  of  the  area  (in  India  and  southeastern  Asia)  equipped  with 
standard,  short -period  and  intermediate-band  seismographs.  The 
efficiency  of  propagation  of  Lg  was  investigated  by  examining  the 
seismograms  to  see  if  Lg  is  strong,  weak,  or  absent.  It  was  determined 
that  Lg  propagates  efficiently  across  the  Indian  shield,  Tarim  basin 
and  the  Russian,  Siberian  and  Kazakh  platforms.  It  propagates  less 
efficiently  across  Tien  Shan  and  Hindu  Kush  and  much  less  efficiently 
along  Tien  Shan  and  especially  along  the  Himalayas.  The  Tibetan 
plateau  forms  an  insurmountable  barrier  to  Lg  and  even  100  to  150  km 
of  the  path  along  Tibet  is  sufficient  to  completely  eliminate  Lg. 
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The  efficiency  of  propagation  of  Lg  across  Central  Asia  and 
adjacent  regions  was  also  investigated  in  [25]  using  records  from  as 
many  as  54  seismographic  stations  along  the  Pamir-Lena  River  profile 
(A-A'  in  Fig.  la) . Analysis  of  a small  number  of  earthquakes  Indicates 
that  the  amplitudes  of  Lg  decrease  3 to  7 times  across  Altay,  6 to  8 
times  across  the  Himalayas  and  10  times  across  Tibet. 
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SYMBOLS 


A - amplitude  of  a seismic  wave  on  the  seismogram 

D - galvanometer  damping  factor  (fraction  of  critical  damping) 

S 

D - seismometer  damping  factor  'fraction  of  critical  damping) 
s 

f - frequency  of  a seismic  wave 
k - a constant 

K - energy  class  of  an  earthquake,  K - logjoE,  where  E is  the  energy 
of  the  earthquake  in  Joules 

Lg  - seismic  wavetrain  with  a period  between  0.5  and  6 s transmitted 
in  the  continental  crust  with  a group  velocity  between  3.44  and 
3.57  km/s 

Lgi  - Lg  phase  with  a group  velocity  of  3.51  to  3.62  km/s 

l82  “ L8  phase  with  a group  velocity  of  3.28  to  3.41  km/s 

Lg.^  “ Lg  phase  with  a group  velocity  of  3.7  to  3.8  km/s 

M(M  ) - surface-wave  magnitude  of  an  earthquake  or  explosion.  The 

subscript  when  given  identifies  the  phase. 

mOn^)  - body-wave  magnitude  of  an  earthquake  or  explosion.  The  sub- 
script when  given  identifies  the  phase. 

-N  - the  slope  of  the  amplitude-distance  curve  plotted  on  a log-log 
scale 

P - compressional  body  waves 

PCI’S)  “ direct  compressional  wave  propagating  in  the  granitic  layer 
* 

P (Pb)  - compressional  wave  along  the  Conrad  discontinuity  (top  of 
the  basaltic  layer) 

Pn  - compressional  wave  along  the  Mohorovicic  discontinuity  (top  of 
the  upper  mantle) 

Q - specific  quality  factor 

Qm  - amplitude-distance  correction  factor,  i.e.,  an  empirical 
attenuation  curve 


-xii- 


r - distance  in  km  or  degrees 

Rg  - a short  period  surface  (Rayleigh)  wave 

S - shear  body  waves 

S(Sg)  - direct  shear  wave  propagating  in  the  granitic  layer 
* 

S (Sb)  - shear  wave  along  the  Conrad  discontinuity  (top  of  the 
basaltic  layer) 

Sn  - shear  wave  along  the  Mohorovicic  discontinuity  (top  of  the  upper 
mantle) 

T - period  of  the  seismic  wave 

- galvanometer  period 

Vg  - group  velocity  of  a seismic  wave 

- function  in  the  expression  for  the  variation  of  the  amplitude  of 
a seismic  wave  on  the  seismogram  with  the  energy  class  K,  that 
decreases  monotonically  with  frequency 

- function  in  the  expression  for  the  variation  of  the  amplitude  of 
a seismic  wave  on  the  seismogram  with  the  surface  wave  magnitude 
M,  that  decreases  monotonically  with  frequency. 

y - coefficient  of  inelastic  attenuation,  y ■ n/V  TQ 

O 

Y (f^/f .)  - the  logarithm  of  the  ratio  of  spectral  amplitude  of  Lg  at 
^ frequencies  f^  and  fj 

A - epicentral  distance  in  km  or  degrees 

^max  _ epicentrai  distance  in  km  to  the  peak  on  the  spectral  amplitude- 
distance  curve 

_ J 

A™  - epicentral  distance  in  km  to  the  trough  on  the  spectral 
amplitude-distance  curve 

Og  - mean  square  error 

a2  - coupling  coefficient  for  the  seismometer-galvanometer  system 
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. OBSERVATION  SYSTEMS  AND  INSTRUMENTS 


The  earliest  seismic  data  on  Lg  were  acquired  and  analyzed  during 
1961-1962  by  seismographic  stations  located  along  a 3500-km-long  pro- 
file extending  between  the  Pamir  Mountains  and  the  Lena  River,  crossing 
such  seismically  active  regions  as  Soviet  Central  Asia,  Kazakhstan, 

Altay-Sayan  and  Cisbaykal  [1,25] . The  average  distance  between  the 
54  stations  varied  between  70  and  120  km.  Additional  data  from  the 
network  of  permanent  stations  in  Central  Asia  and  Cisbaykal  were  used 
in  the  determination  of  epicenters  in  those  two  areas.  The  seismic 
phases  from  37  shallow  earthquakes  used  in  the  analysis  were  recorded 
with  three-component,  short-period  seismograph  systems,  mostly  SKM-3, 
with  indicator  magnification  between  25,000  and  120,000  (usually 
50,000).  The  instrumental  constants  of  the  seismograph  system  were  as 

follows:  T = 1.5  or  2 s,  D = 0.4  Cr.,  T * 0.125  - 0.2  s, 

8 s g 

D - 3 - 3.5  Cr.,  a2  - 0.35.  The  frequency-dependent  part  of  the 
© 

magnification  curves  of  the  SKM-3  seismographs  used  to  acquire  the 
seismic  data  is  shown  in  Fig.  2. 

Amplitude-distance  curves  of  several  phases  including  Lg  from  40 
crustal  earthquakes  of  energy  class  K = 9.7  to  14,  originating  in  North 
Tien  Shan  and  its  margins,  were  plotted  in  [2].  The  earthquakes  were 
recorded  with  three-component,  short-period  SKM-3  seismograph  systems 
operating  at  12  seismographic  stations  in  North  Tien  Shan.  The  data 
from  some  of  these  stations  were  also  used  to  determine  attenuation  of 
Lg  [6] . The  frequency-dependent  part  of  the  magnification  curves  of 
these  seismographs  are  similar  to  those  shown  in  Fig.  2.  Table  1 from 
[3]  gives  the  indicator  magnification  of  these  instruments  at  10  of 
these  stations. 

The  largest  amount  of  very  useful  data  on  Lg  analyzed  in  [5,6,23, 

24]  was  acquired  with  the  7-channel,  multiple  bandpass,  vertical- 
component  ChISS  seismograph  operating  at  the  Talgar  station.  The  trans- 
ducer of  the  ChISS  seismometer  at  Talgar  is  an  SVKM-3  vertical  seismometer 
with  T « 4 s and  D -0.55  driving  a variable-gain,  broadband,  ac 

S 8 

amplifier  at  unspecified  gains.  The  amplifier  output  is  fed  simultaneously 
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Fig.  2 — The  frequency-dependent  part  of  the  magnification  curve  (U) 
of  the  SKM-3  seismographs  used  to  acquire  seismic  data  along 
the  Pamir-Lena  River  profile  [1],  The  instrumental  constants 
of  the  SKM-3  seismograph  are  as  follows: 


D = 0.5  Cr. 
s 

T = 0.125  - 0.250  s 

g 

D = 4 Cr. 
g 

a2  = 0.35 

to  7 LC  filters  each  having  a one-half  octave  passband  and  a skirt- 
slope  of  24  dB/octave.  The  filter  settings  (high-pass  and  low-pass 
critical  frequencies)  and  center  frequencies  of  the  ChISS  seismograph 
at  the  Talgar  station  are  given  in  Table  2 and  the  velocity  sensitivity 
curves  of  this  instrument  are  shown  in  Fig.  3 [4]. 


* 

The  magnification  (or  displacement  sensitivity)  curve  can  be 
obtained  by  multiplying  the  frequency-dependent  part  of  the  magnifica- 
tion curve  of  the  Instrument  by  its  indicator  magnification.  For  more 
details  see  C.  Shishkevlsh,  R-1204-ARPA,  Soviet  Seimographio  Stations 
and  Seismic  Instruments,  Part  I,  May  1974,  pp.  35-36. 
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Table  1 [3] 

INDICATOR  MAGNIFICATION  VQ  OF  SKM-3  INSTRUMENTS  OPERATING 
AT  10  SEISMD GRAPHIC  EXPEDITION  STATIONS  IN  NORTH  TIEN  SHAN 


Station 

Vo 

Station 

Vo 

Talgar 

65,900 

Chilik 

38,000 

Kzyl-Agach 

43,500 

Kurmenty 

34,000 

Hi 

40,000 

Ry bach* ye 

25,000 

Fabrichnaya 

19,000 

Naryn 

21,000 

Orto-Merke 

38,000 

Boamskoye 

ushchel'ye 

52,700 

Table  2 [4,5] 

FILTER  SETTINGS  AND  CENTER  FREQUENCIES  OF  THE 
ChISS  SEISMOGRAPH  OPERATING  AT  THE  TALGAR  STATION 


4 


Si 
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Fig.  3 — Velocity  sensitivity  curves  of  the  short- 
period,  vertical-component  ChISS  seismo- 
graph deployed  at  the  Talgar  station  in 
the  early  1960s  [4] 


The  several  regional  sets  of  travel  times  and  travel-time  curves 
of  Lg  obtained  in  [1,12,13,14]  were  acquired  by  either  short-period, 
moderate-gain  SKM-3  seismographs  described  above  or  standard  Soviet 
broadband,  intermediate-period  SK  seismographs  with  a flat  displace- 
ment sensitivity  curve  between  1 and  10  s,  usually  operating  at  a gain 
of  ~ 1000.  The  velocity  amplitude  spectra  of  Lg  given  in  [5,6]  were 
determined  from  the  ChISS  seismograms  acquired  at  the  Talgar  station. 

In  general,  in  investigating  the  efficiency  of  propagation  of  Lg, 

Soviet  seismologists  used  seismic  records  obtained  using  ChISS  seismo- 
graphs operating  at  the  Talgar,  Novosibirsk,  Bodon,  Garm  (and  possibly 
Vremennaya)  stations  and  either  the  broadband  SK  or  short -period  SKM-3 
seismographs  described  above.  The  individual  selsmographlc  stations, 
the  data  from  which  were  used  in  determining  the  efficiency  of  propa- 
gation of  Lg  in  various  areas  of  the  Soviet  Union,  are  shown  in  Fig.  la,b. 
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IX.  AMPLITUDE-DISTANCE  CURVES 


A.  GENERAL 

In  plotting  amplitude-distance  curves,  it  is  necessary  to  reduce 
amplitudes  on  seismograms  of  earthquakes  of  energy  class  K to  a stan- 
dard energy  class  Kq  or  earthquakes  of  surface  magnitude  M to  a standard 
magnitude  Mq.  This  requires  knowledge  of  the  variation  of  amplitudes 
with  K or  M,  respectively.  Nurmagambetov  [5,7]  established  that  the 
necessary  relationships  can  be  expressed  in  the  following  form: 


log  A (f/Ko)  - log  A (f/K)  - (f)  (Kq  - K),  (1) 

log  A (f  /Mo)  - log  A (f /M)  - ^ (f ) <Mo  - M)  , (2) 


where  3R  (f)  and  3M  (f)  are  functions  that  decrease  monotonically  with 
frequency.  The  values  of  SR  (f)  and  3^  (f)  for  the  mean  frequencies  of 
the  multiple  bandpass  ChISS  seismograph  system  at  Talgar  determined  in 
[6]  are  given  in  Table  3.  It  was  assumed  that  3(f)  is  Identical  for 
all  phases  and  all  regions.  It  was  also  established  that  3™  ” 0.64  3^. 


Table  3 [5] 

VALUES  OF  Bk  AND  Bjj  FOR  THE  MEAN  FREQUENCIES 
OF  THE  ChISS  SEISMOGRAPH  SYSTEM  AT  TALGAR 


Parameter 

1 

2 

3 

4 

5 

6 

f,  Hz 

mm 

KB 

1.40 

wrj 

5.60 

11.00 

bk 

ns 

mm 

0.50 

0.46 

^M 

1.00 

m 

0.91 

0.84 

0.78 

0.72 

Usually,  in  the  case  of  earthquakes  originating  at  L < 1000  km, 
Soviet  seismologists  determine  the  energy  class,  while  in  the  case 
of  earthquakes  recorded  at  & > 1000  km,  they  determine  the  magnitude. 
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B.  AMPLITUDE-DISTANCE  CURVES  OF  Lg  RECORDED  BY  SEISMOGRAPHIC  STATIONS 
ALONG  THE  PAMIR- LENA  RIVER  PROFILE 
The  data  used  In  determining  the  amplitude-distance  curves  of  Lg 
were  acquired  by  short-period  SKM-3  seismographs  Installed  at  54  sta- 
tions along  the  Pamir-Lena  River  profile  (A-A'  in  Fig.  la) . The 
amplitudes  of  various  phases  were  reduced  to  a standard  magnification 
of  10,000.  In  constructing  the  amplitude-distance  curves,  the 
amplitudes  were  normalized  with  respect  to  the  amplitude  of  the  most 
stable  Lg  phase  at  A • 1000  km  in  order  to  compensate  for  the  different 
magnitudes  of  earthquakes. 

The  amplitude-distance  curves  of  Lg  and  three  other  body  waves 
from  several  earthquakes  originating  in  Soviet  Central  Asia,  Altay 

Sayan  and  Clsbaykal,  and  recorded  along  the  Pamir-Lena  River  profile, 

> 

are  shown  in  Figs.  4,5,  and  6 respectively,  and  the  composite  ampli- 
tude curves  for  Lg  for  these  regions  and  Dzhungarla  are  shown  in  Fig.  7. 

In  Fig.  5,  the  amplitude  curves  for  Lg  are  divided  into  two  groups  (SW, 

NE)  according  to  the  direction  of  seismic  wave  propagation  from  the 
earthquake  epicenter  to  the  station. 

Analysis  of  the  amplitude  curves  of  Lg  from  five  Soviet  Central 
Asia  earthquakes  shows  that  the  amplitudes  of  Lg  are  4 to  5 times 
larger  than  amplitudes  of  Pg,  but  similarly  to  Pg  decrease  with 
distance  proportionally  to  r”2  (somewhat  less  than  ~ r-2  at  A < 400  km). 

The  amplitude  ratios  of  Lg  with  Pg  from  the  Altay  Sayan  earthquakes 
indicate  that  the  amplitudes  of  Lg  in  the  SW  direction  are  close  to 
those  of  Pg,  while  in  the  NE  direction  the  amplitudes  of  Lg  exceed 
those  of  Pg  by  more  than  an  order  of  magnitude. 

The  composite  amplitude-distance  curves  plotted  in  Fig.  7 show 
that  for  regions  considered,  the  amplitude  curves  of  Lg  are  similar  to 
each  other.  At  distances  up  to  700  km,  the  amplitudes  of  Lg  decrease 
proportionately  to  r-1’1*.  The  decrease  of  amplitudes  of  Lg  becomes 
larger  at  longer  distances  and  at  r - 2000  km  the  amplitudes  of  Lg 
decrease  proportionally  to  r-2,2  to  r-2*5. 
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■Amplitude-distance  curves  of  body  waves  from  five  earth- 
quakes originating  in  Soviet  Central  Asia  and  recorded  by 
seismographic  stations  located  along  the  Pamir-Lena  River 
profile  [1].  (The  distance  A along  the  horizontal  at  A < 100 
km  is  plotted  on  a logarithmic  scale.) 


-Amplitude-distance  curves  of  body  waves 
originating  in  Altay-Sayan  recorded  by 
seismographic  stations  located  along  the 
Pamir-Lena  River  profile  [1] 

a — seismic  waves  propagating  in  the  SW 
direction;  b — seismic  waves  propagating 
in  the  NE  direction 
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2000 


2000 
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Fig.  7 — Composite  amplitude-distance  curves  of  Lg  from  earth- 
quakes originating  in  Central  Asia  (1);  Dzhungaria  (2); 
Altay  Sayan,  NE  of  the  epicenters  (3)  and  SW  of  the 
epicenters  (4) ; Eastern  Sayan  (5)  and  Cisbaykal  (6) 
and  recorded  along  the  Pamlr-Lena  River  profile  [lj. 
(The  distance  A along  the  horizontal  at  A < 100  km 
is  plotted  on  a logarithmic  scale.) 
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C.  AMPLITUDE-DISTANCE  CURVES  OF  Lg  RECORDED  BY  NORTH  TIEN  SHAM 
SEISMOGRAPHIC  STATIONS 

The  amplitude  distance  curves  of  Lg  and  three  other  phases  from 
40  crustal  earthquakes  originating  in  North  Tien  Shan  and  recorded  by 
seismographic  stations  equipped  with  SKM-3  Instruments  in  that  region 
(see  Fig.  lb)  are  plotted  in  Fig.  8 [2].  Three  amplitude  curves 
were  constructed  for  each  of  the  three  predominant  directions  of 
propagation  from  a group  of  earthquake  epicenters  to  the  station. 
Figure  8 also  shows  the  composite  amplitude  curve  for  all  directions 
which,  for  convenience,  is  also  plotted  on  a separate  figure  (Fig.  9). 
In  constructing  amplitude-distance  curves,  the  peak  amplitudes  were 
reduced  to  the  energy  class  K ■ 11  and  normalized  to  a standard 
distance. 

From  Fig.  8 it  can  be  seen  that  the  shape  of  the  amplitude- 
distance  curve  of  Lg  in  the  NE  direction  is  similar  to  that  in  the 
SW  direction.  However,  the  amplitude  curve  in  the  N direction  differs 
considerably  from  the  other  two;  it  displays  a peak  at  distances  at 
which  the  two  other  amplitude  curves  have  a weak  minimum. 


£3! 


600  BOO 


A,  km 


Fig.  8 — Amplitude-distance  curves 
of  Lg  and  three  other 
phases  from  earthquakes 
originating  in  Tien  Shan 
and  recorded  in  the  same 
area  [2] 

1- composite  curve; 

2- seismlc  waves  propa- 
gating In  the  SE 
direction  relative  to 
the  station 

3- seismic  waves  propa- 
gating in  the  SW 
direction  relative  to 
the  station 

4- seismic  waves  propa- 
gating in  the  N 
direction  relative  to 
the  station 


Fig.  9 — Composite  amplitude- 

distance  curves  for  Lg 
and  three  other  phases 
from  earthquakes 
originating  in  North 
Tien  Shan  and  recorded 
by  selsniographic  stations 
in  that  region  [2] 
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D.  SPECTRAL  AMPLITUDE  DISTANCE  CURVES  OF  Lg 

RECORDED  BY  THE  ChISS  SYSTEM  AT  THE  TALGAR  STATION 
The  first  of  the  two  papers  containing  spectral  amplitude-distance 
curves  of  Lg  recorded  by  a multiple-bandpass  ChISS  velocity  seismograph 
was  published  by  Nurmagambetov  [5].  The  amplitude  curves  were  obtained 
for  each  of  the  seven  channels  of  the  ChISS  system  operating  at  the 
Talgar  station  (7  in  Fig.  la)  by  averaging  Lg  amplitudes  reduced  to 
energy  class  Kq  * 10,  using  formula  (1).  Since  only  the  seismograms 
acquired  at  a single  station  were  used,  the  spectral  amplitude- 
distance  curves  shown  in  Fig.  10  reveal  only  the  general  variation 
(slope)  of  the  curves  rather  than  the  fine  details.  The  averaging  was 
performed  on  a computer  with  the  standard  deviation  of  individual  points 
from  the  mean  curve  not  exceeding  0.3  to  0.4  logarithmic  unit.  For 
convenience,  the  curves  for  the  different  frequencies  are  displaced 
relative  to  each  other.  The  absolute  amplitudes  are  denoted  by  hori- 
zontal lines  that  correspond  to  the  absolute  values  of  A/T  - 0.1  pm/s. 

From  Fig.  10  it  can  be  seen  that  the  curves  can  be  divided  into 
three  sectors,  corresponding  to  epicentral  distance  ranges 
4 = 20-100  km,  100-300  km  and  300-800  km.  The  first  sector  is 
characterized  by  a regular  increase  of  the  slope  of  the  curve  (-N)  with 
frequency.  At  A > 100-120  km  the  slopes  of  the  high-frequency  curves 
diminish  and  the  low-frequency  curves  become  more  nearly  horizontal.  As 
the  frequency  increases,  the  location  of  this  relatively  flat  sector 
is  displaced  toward  shorter  distances.  The  values  of  the  slope  (-N)  of 
the  six  spectral  amplitude-distance  curves  plotted  in  Fig.  10  are  given 
in  Table  4 for  various  epicentral-distance  ranges.  The  differences 
between  the  amplitude  curves  for  different  azimuths  with  respect  to 
the  Talgar  station  are  small  and  appeared  only  at  high  frequencies. 

In  general,  attenuation  is  somewhat  higher  for  Lg  propagating  across 
geological  structures. 
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The  second  and  much  more  detailed  analysis  of  the  spectral  ampli- 
tude-distance curves  of  Lg  recorded  by  the  ChISS  system  at  Talgar 
(7  In  Fig.  la)  was  included  in  the  monograph  by  Antonova,  et  al.  [6]. 
Depending  on  direction  from  the  Talgar  station  to  the  epicenter,  the 
earthquakes  were  divided  into  the  following  four  groups:  northeast 
(NE) , east  (E) , south  (S)  and  west  (W) . 

The  spectral  amplitude-distance  curves  of  Lg  phases  for  each  of 

the  four  directions  were  constructed  from  the  records  of  numerous 

earthquakes  with  eplcentral  distances  covering  the  range  of  interest, 

using  Nersesov  and  Rautian's  travel  time  data  given  in  Table  9 

(see  also  Fig.  14).  The  spectral  amplitude-distance  curves  at  six 

mean  frequencies  were  obtained  by  measuring  amplitude  peaks  of  Lg  over 

* 

15  to  20  s intervals  of  traces  recorded  by  six  channels  of  the  seven 
channel  bandpass  ChISS  seismograph  system.  At  A £ 1000  km  the  peaks 
are  reduced  to  the  reference  energy  class  Kq  * 10,  while  at  longer 
eplcentral  distances  the  spectral  amplitudes  are  reduced  to  the  ref- 
erence magnitude  Mq  * 5,  using  formulas  (1)  and  (2),  respectively. 

The  spectral  amplitude-distance  curves  of  Lg  are  shown  in  Fig.  11, 
and  their  most  important  parameters  are  listed  in  Table  5.  In  Table  5 
-N  is  the  slope  of  the  curve  within  the  specified  distance  range  and 
^max  ancj  are  tjje  eplcentral  distances  in  km  to  the  peaks  and 

troughs  on  the  curves,  respectively.  The  values  of  these  parameters 
were  determined  for  the  following  three  frequency  ranges:  0.35  to  0.7, 
1.4  to  2.8  and  5.6  to  11  Hz,  which  in  abbreviated  notation  will  be 
denoted  by  their  center  frequencies:  0.5,  2 and  8 Hz. 

The  spectral  amplitude-distance  curves  of  Lg  shown  in  Fig.  11  dis- 
play oscillatory  behavior  which,  however,  is  not  as  pronounced  as  it  is 
for  compressional  waves.  These  curves  for  the  western  direction  are 
monotonic  and  at  distances  A _<  1000  km  do  not  display  oscillatory  be- 
havior. The  spectral  amplitude-distance  curves  can  be  divided  into 
several  characteristic  sectors. 


High  attenuation  made  it  impossible  to  obtain  records  from  the 
high  frequency  (seventh)  channel  (f  ■ 22  Hz) . 


s/turt  ‘j,/v 
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The  Initial  sector  to  A = 350,  400  and  550  km  for  the  NE,  E and 
S directions,  respectively,  is  characterized  by  relatively  weak  attenu- 
ation and  weak  frequency  dependence  of  Nj.  The  NE  curves  display  a 
peak  in  the  distance  range  Aj  m 350  to  450  km.  The  spectral  amplitude- 
distance  curves  along  the  sector  A2  decrease  monotonlcally  and 
-N2  = 5 to  7.  The  sectors  A2  of  the  curves  cover  the  distance  ranges 
of  500  to  800,  600  to  1200,  800  to  1500  and  700  to  1500  km  in  the  NE, 

E,  S,  and  W directions,  respectively.  The  slope  of  the  curve  (-N2) 
gradually  decreases  from  NE  to  W. 

In  the  distance  range  between  800  and  1500  to  2000  km  attenuation 
is  highly  frequency  dependent.  For  example,  while  the  amplitudes 
of  the  spectral  amplitude-distance  curves  in  the  NE  and  E directions 
at  frequencies  of  0.35  and  2.8  Hz  are  approximately  equal  at  a dis- 
tance of  500  km,  at  1500  km  they  differ  by  1.5  to  2 orders  of  magni- 
tude. The  end  part  of  the  sector  A2  displays  oscillatory  behavior, 
most  clearly  observed  in  the  NE  direction.  As  the  distance  toward  the 
epicentral  region  increases,  the  positions  of  troughs,  A3  , and  peaks, 
A?aX»  on  the  spectral  amplitude-distance  curve  are  gradually  shifted 
toward  longer  distances.  At  the  same  time,  the  amplitude  of  the 
oscillation  decreases.  A small  peak,  A^331,  on  the  curves  for  the 
southern  and  western  directions  occurs  at  distances  of  2000  to  2500  km. 

The  amplitudes  of  Lg  at  A < 1000  km  are  approximately  the  same 
for  all  but  the  western  direction  where  the  amplitude  level  is  1.5  to 
2 times  lower.  In  the  distance  range  1500  to  2000  km,  Lg  propagates 
most  efficiently  in  the  northeastern  direction  and  least  efficiently 
in  the  southern  direction. 

The  standard  deviation  of  the  A/T  data  was  determined  to  be 
frequency  independent  for  all  phases.  It  was  estat'  ished  that  at  dis- 
tances up  to  1000  km,  Lg  phase  is  scattered  less  than  the  other  phases. 
Scattering  increases  considerably  in  the  northeastern  direction  at  dis- 
tances exceeding  1000  km  but  remains  low  in  the  southern  direction. 

Analysis  of  scattering  of  A/T  data  indicates  that  the  accuracy 
of  determining  the  magnitudes  of  earthquakes  can  be  improved  by  using 
an  amplitude-distance  correction  curve  constructed  from  Lg  or  Pg  for 
earthquakes  originating  at  distances  up  to  1000  km  and  a curve 
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constructed  from  P for  earthquakes  occurring  at  distances  exceeding 
1000  las.  A significant  Increase  in  sccuracy  may  also  be  attained  by 
utilising  several  bandpass  channels. 
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III.  ATTENUATION 

A.  GENERAL 

For  a uniform  point  source  of  elastic  waves  in  a spherical  earth, 
the  amplitudes  of  the  Airy  phase  in  the  time  domain  are  given  by 
A * kA-1/3  (sinA)-1/2  exp  (~yA) , (3) 

where  A is  the  amplitude  at  epicentral  distance  A;  k is  a constant; 

Y is  the  coefficient  of  inelastic  attenuation,  y ■ II/VgTQ;  Vg  is  the 
group  velocity  and  Q is  the  specific  quality  factor.  The  inelastic 
attenuation  coefficient  of  the  Airy  phase  can  be  determined  by  matching 
theoretical  attenuation  (amplitude-distance)  curves,  determined  from 
formula  (3)  for  various  values  of  y and  plotted  on  a log-log  scale, 
with  the  mean  experimental  amplitude-distance  curve.  Over  a limited 
range  of  distances  the  attenuation  curve  can  be  approximated  by  a 
straight  line  with  a slope  -N.  Thus,  within  this  range,  the  amplitude 
of  the  seismic  wave 

A ~ A-N  (4)  . 

j 

B.  Q-FACTORS 

The  data  recorded  by  broadband  SK  instruments  at  a group  of 
stations  in  North  Tien  Shan  (see  Fig.  lb)  were  used  to  determine  the 
attenuation  of  Lg  in  Soviet  Central  Asia  [6].  Assuming  that  Lg  rep- 
resents a higher  mode  wave  traveling  with  minimum  group  velocity, 
formula  (3)  was  used  in  an  attempt  to  obtain  the  theoretical  attenu- 
ation curve  to  fit  the  data.  However,  it  was  established  that  the 
experimental  data  are  best  approximated  by  two  curves:  y - 0.20  deg-1 
curve  for  A < 1000  km  and  y ■ 0.13  deg-1  curve  for  A > 1000  km.  Using 
T 2 3 s,  Vg  ■ 3.57  km/s  for  A < 1000  km  and  Vg  - 3.65  km/s  for  A > 1000 
km,  one  obtains  the  following  Q-values  for  the  3 s period  Lg  phase: 

Q * 160,  A < 1000  km;  Q * 250,  A > 1000  km. 

A crude  straight  line  approximation  to  the  two  curves  shows  that 
Lg  is  attenuated  proportionally  to  A-1,6,  which  is  very  close  to  that 
for  Rayleigh  waves  (A-1,66)  at  long  epicentral  distances  [6]. 
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The  oscillatory  structure  of  the  amplitude-distance  curves  con- 
structed from  seismograms  of  multiple-bandpass  ChlSS  systems  makes  it 
difficult  to  estimate  attenuation  of  Lg.  A very  rough  estimate  of  the 
quality  factors  of  Lg  for  three  different  period  values  from  the  change 
in  the  shape  of  ChlSS  spectra  of  Lg  with  the  epicentral  distance  was 
made  in  [8].  It  was  based  on  data  acquired  at  the  Talgar , Bodon  and 
Novosibirsk  seismographic  stations  (see  Fig.  la)  from  earthquakes 
originating  roughly  NE,  E and  S (but  north  of  the  Tibetan  plateau)  of 
these  stations.  It  was  estimated  that 
Q = 300  to  400,  T - 1.0  to  2.5  s; 

Q - 600  to  800,  T - 0.4  to  1.0  s; 

Q * 1000  to  1300,  T - 0.2  to  0.5  s.  , 

The  Q-factors  for  Lg  thus  exhibit  strong  frequency  dependence,  in- 
creasing greatly  with  increasing  frequency. 

* 

Amplitude-distance  curves  of  unspecified  TNT  explosions  fired 
in  Soviet  Central  Asia  were  used  by  Pasechnik  [9]  to  estimate  the 
Q-factor  of  Lg,  in  the  range  A - 150  to  1500  km.  Using  T * 0.8  s 
and  Vg  ■ 3.55  km/s,  he  determined  that 
Q = 190,  A - 150  to  1500  km. 


See  footnote  on  pp.  22-23  of  this  report  for  comments  on  these 
explosions. 
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IV.  MAGNITUDE  RELATION 


The  magnitude  relation  most  frequently  used  by  Soviet  seismologists 
is  the  Gutenberg-Richter  formula 

M - logic  (A/T)  + Qm  (A)  (5) 

where  A/T  is  the  ratio  of  the  amplitude  to  period  and  (A)  is  the 

amplitude-distance  correction  factor,  i.e.,  an  empirical  attenuation 

curve.  The  amplitude-distance  correction  factors  for  Lg  of  shallow 

earthquakes  recorded  by  broadband  SK  instruments  at  a group  of  stations 

in  North  Tien  Shan  (Fig.  lb)  are  given  in  Table  6 [6].  Their  values 

were  determined  from  the  maximum  A/T  values  of  Lg,  (A/T)  , where 

max 

A is  the  zero-to-peak  amplitude  of  Lg  on  seismograms  of  either  a 
horizontal-  or  vertical-component  SK  seismograph,  displaying  maximum 
amplitude. 

In  a monograph  on  seismic  effects  of  nuclear  explosions  [9], 

* 

Pasechnik  refers  to  an  unspecified  amplitude-distance  correction  factor  , 
Qm  (A),  determined  from  maximum  Lgx  motion  generated  by  underground 
(nuclear)  explosions  recorded  by  horizontal  seismographs.  Using 
unspecified  seismic  data,  he  estimates  that  the  ratio  of  the  trace 
amplitude  of  Lg  on  the  horizontal  component  seismogram  with  that  on 
the  vertical  component  is  1.5  ± 0.15.  Thus,  the  Qw  (A)  curve  can  be 
used  with  seismograms  obtained  with  vertical  seismographs  to  determine 
M^,  the  vertical-component  magnitude  of  Lg,  with  an  error  not  exceeding 
0.15  magnitude  units. 

Using  this  technique,  Pasechnik  calculates  M^  of  six  shallow 
earthquakes  originating  in  Soviet  Central  Asia  plotted  in  Fig.  12  and 
two  TNT  explosions'  in  the  same  region  and  compares  them  with  body- 
wave  magnitudes  of  the  came  events  determined  from  Pn,  (mpn)  and 


Probably  determined  from  the  following  formula  for  Lg  from 
underground  nuclear  explosions  in  Nevada: 

M = log  (A/T)  + 3 log  r-B, 

where  B * 2.65.  This  formula  was  published  in  a paper  by  R.  G.  Baker, 
"Preliminary  Study  for  Determining  Magnitude  from  Lg,"  Earthquake  Notes, 
Seismology  Society  of  America,  Vol.  38,  No.  1,  pp.  23-28. 

^Throughout  the  book  [9],  Pasechnik  refers  to  two  large  chemical 
explosions  detonated  in  Soviet  Central  Asia.  According  to  the  original 
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Table  6 [6] 


AMPLITUDE-DISTANCE  CORRECTION  FACTORS 
FOR  Lg  FROM  SHALLOW  EARTHQUAKES 


Table  7.  It  can  be  seen  from  this  table  that  the  magnitudes  M^  of 

Lgi 

the  two  TNT  explosions  determined  using  this  technique  are  in  com- 


plete agreement  with  m^  and  m^  for  the  same  two  events.  However, 


Russian  version  of  Table  7 (Table  44  on  p.  169  in  the  Russian  text), 
these  two  explosions  are  plotted  on  Fig.  12  (Fig.  32  on  p.  76  in 
the  Russian  text).  However,  Fig.  32  shows  only  locations  of  the  six 
local  earthquakes,  black  dots  numbered  1 through  6,  and  eleven  seismo- 
graphic  stations  #.  The  symbols  keyed  to  the  legend  also  include  a 
circle  that  the  legend  Identifies  as  an  unspecified  and  unreferred  to 
earthquake.  It  is  very  likely  that  the  circle  actually  denotes  one  of 
the  two  chemical  explosion  sites.  No  additional  data  could  be  found  in 
the  Soviet  scientific  literature  on  this  explosion.  A very  likely 
candidate  for  the  second  event  is  the  Arys  cratering  explosion  detonated 
on  19  December  1957  at  09  hr  00  min  00s  G.T.  in  the  Kabul say  region  of 
the  Arys  sector  of  the  Tashkent  railroad  (ifi*  42°12,15"N,  X = 69o03'02"E) . 
One  kt  of  conventional  explosives  was  placed  into  a chamber  at  a depth  of 
40  m.  According  to  Soviet  estimates,  the  magnitude  of  this  event  was 
Mg  = 3.9  ± 0.1,  1115  = 5.0.  The  magnitude  of  this  event  recorded  by  an 
Uppsala  station  is  raj,  = 5.1.  This  is  close  to  mj,  = 4.8  given  in  [9] 
for  one  of  its  chemical  explosions.  The  Arys  event  was  recorded  by 
most  of  the  stations  shown  in  Fig.  12  and  its  site  would  be  located  in 
the  upper  left  corner  of  Fig.  12. 
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Fig.  12 — Epicenters  of  earthquakes  used  in  determining  travel  time 
curves  shown  in  Figs.  18  and  19  [9] 

0 —  possible  location  of  one  explosion,  • — earthquake, 

• — seismographic  station  (numerical  listing  follows) 

1—  Tashkent  (41°20’N,69°18,E)  ; 2— Fergana  (40°23,N,71°47 ’i£)  ; 
3— Namangan  (40°59'N,7l°40’E) ; 4— Andizhan  (40°45'N,72o22’E)  ; 
5 — temporary  station;  6 — Dzhergatal'  (39°13'N,71°14,E) ; 

7— Garm  (39°00,N,70°19,E)  ; 8— Obi-Garm  (38°43,N,69°43'E)  ; 

9 — Kulyab  (37054'N,69045'E) ; 10— Khorog  (37°29,N,71°32,E) ; 
11— Murgab  (38° 22 'N,73°56 'E) 


ire  generally  in  good  agreement  with 
and  nipn  differ  significantly  from 
of  data,  very  confusing  text  and 
the  use  of  a very  "dubious"  technique  (formula  for  probably 

applies  only  to  Nevada  events  recorded  at  short  epicentral  distances 
and  the  ratio  of  trace  amplitudes  of  horizontal  motion  of  Lg  with  ver- 
tical motion  is  assumed  to  be  a constant  equal  to  1.4  ± 0.5)  throw  a 
great  deal  of  doubt  on  the  significance  of  Pasechnik's  calculations. 


while  m^.  of  the  six  earthquakes  , 
mpn  for  the  same  events,  both  m^ 
mp**  ('x,0*5  magnitude  unit).  Lact 


I 


MAGNITUDES  AND  DIFFERENCES  BETWEEN  THESE  MAGNITUDES  FOR  SIX 
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V.  TRAVEL  TIMES 


In  a 1963  paper  [10] , Pataraya  used  seismograms  of  200  earth- 
quakes recorded  at  the  Tbilisi,  Simferopol',  Sochi  and  other  seismo- 
graphic  stations  to  construct  travel  time  curves  of  Lg  and  Rg  at 
A - 200  to  1500  km.  Unfortunately,  this  paper  is  unavailable. 
According  to  [11],  Pataraya  determined  that  the  velocity  and  period 
of  Lgi  and  Lgj  are  as  follows: 

VT  ■ 3. 49  km/s,  T ■ 1.5  to  8 s;  V.  "3.28  km/s;  T - 6 to  14  s. 

"8l  l«2 


In  a paper  published  in  1961  [12],  Val'dner  used  120  seismograms 
of  earthquakes  recorded  mostly  by  broadband  SK  seismographs  at  base 
stations  in  the  USSR  to  determine  the  approximate  travel  times  of  Lgj 
and  Lg2  at  5°  intervals  in  the  distance  range  A ■ 10  to  55°.  The 
times  of  Lgi  - P and  Lg2  - P are  given  in  Table  8 and  plotted  in  Fig.  13. 

The  most  accurate  travel  times  of  Lg  phases  were  determined  by 
Mersesov  and  Rautian  [1]  using  data  acquired  during  1961-1962  by  54 
selsmographic  stations  located  along  the  3500-km-long  profile  ex- 
tending between  the  Pamir  Mountains  and  Lena  River  (A-A'  in  Fig.  la) . 

11  2 2 

The  three  unidentified  Lg  phases  labeled  Sg(Lg),  Sg(Lg)  and 

3 3 

Sg(Lg)  were  determined  for  two  directions  measured  from  the  profile 
to  the  earthquakes:  northeast  (Siberia)  and  southwest.  The  travel 
times  of  Lg  for  the  two  directions  are  given  in  Table  9 and  the  travel 
time  curves  of  all  phases  recorded  along  the  profile  are  plotted  in 
Fig.  14. 

Nersesov  and  Rautian' s analysis  of  seismic  data  acquired  along 
the  Pamir  Mountains-Lena  River  profile  [1]  showed  that,  in  general, 
the  direct  shear  wave  S was  clearly  observed  on  seismograms,  beginning 
very  near  the  epicenter.  As  is  frequently  the  case,  the  emergence  of 
Lg  could  not  be  identified  and  the  shear  wave  with  a velocity  of 
3.5  km/s  recorded  at  A < 250  km  was  assumed  to  be  the  S phase  while 
at  A > 250  km  it  was  assumed  to  be  Lg.  The  velocity  of  Lg  observed 
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to  A - 3500  km  Increased  slightly  with  distance  (from  3.5  km/s  to 
3.7  km/s).  Near  A - 300  km,  the  travel  time  curve  of  Lg  consisted  of 
two  branches  (Lgi  and  Lg2?) . The  amplitudes  of  the  first  phase  were 
larger  than  the  amplitudes  of  the  second  phase.  At  A ~ 1500  km,  the 
amplitudes  of  the  first  phase  decreased  to  a point  where  this  phase 
could  not  always  be  traced  at  longer  distances. 

Medzhitova  and  Sabitova  [13]  used  seismograms  of  26  earthquakes 
recorded  by  12  temporary  stations,  operating  at  20  different  sites 
and  9 permanent  regional  stations  in  Soviet  Central  Asia,  to  determine 
regional  travel  times  of  body  waves  at  A < 600  km,  propagating  along 
the  Chatkal  range-Chuy-Ili  valleys  profile  in  Kirgizia.  The  seismo- 
grams were  acquired  with  three— component , short— period  SKM— 3 systems 
having  instrumental  constants  similar  to  those  given  in  the  first 
paragraph  on  page  1,  operating  at  indicator  magnification  between 
30,000  and  50,000.  The  approximate  locations  of  seismographic 
stations,  earthquake  epicenters  and  the  Chatkal  range-Chuy-lli  valleys 
profile  are  shown  in  Fig.  15.  Medzhitova  and  Sabitova' s analysis 
[13]  showed  that  second  arrivals  from  most  earthquakes  include  a shear 
phase  with  a velocity  of  3.5  to  3.6  km/s,  recorded  with  large  amplitudes 
at  A > 170  to  220  km.  Its  velocity  did  not  increase  with  distance  and 
its  travel  time  curve  is  a continuation  of  that  of  the  direct  shear 
wave  S.  While  not  specifically  identified  as  such,  this  phase  appears 
to  be  the  Lgi.  The  travel  times  of  Lg}  from  earthquakes  with  focal 
depth  h ■ 5 to  10  km  recorded  at  epicentral  distances  210  < A < 600  km 
claimed  to  be  determined  with  a mean  square  error  ffo  ■ + 0.7  s are 
given  in  Table  10.  The  travel  time  curves  of  Lgi  and  other  body  phases 
together  with  two  other  sets  of  travel  time  curves  for  Kirgizia  are 
shown  in  Fig.  16.  The  Initial  sector  of  the  curves  up  to  A - 80  km 
was  constructed  using  data  on  nearby  surface  explosions.  The  travel 
times  of  Lg  in  Kirgizia  determined  by  Medzhitova  and  Sabitova 
(Table  10)  are  in  good  agreement  with  those  for  Central  Asia  determined 
by  Mersesov  and  Rautian  (Table  9).  The  Lg  times  differ  by  an  average 
of  ~ 0.4  s,  with  o0  < 0.7  s.  This  seems  to  confirm  the  assunption 
that  the  shear  wave  with  a velocity  of  3.5  to  3.6  km/s  is  the  Lg;  phase. 


JLk 


31 


Fig.  15— Locations  of  seismographic  stations  and  earthquakes  used 
in  determining  the  travel  times  of  Lgt  [13] 

& 1 — permanent  station 

* 2 — temporary  station  site 

O 3 — epicenter  of  earthquake  of  K ■ 11  to  12 

0 4 — epicenter  of  earthquake  of  K ■ 9 to  10 

o 5 — epicenter  of  earthquake  of  K ■ 7 to  10 

* 6 — explosion  site  used  in  determining  times  at  A < 150  km 

7 — Chatkal  range-Chuy-Ili-valleys  profile 

Permanent  stations:  1 — Aral;  2 — Naryn;  3 — Kadzhi  Say; 

4 — Przheval ' sk ; 5 — Kurmenty ; 

6 — Fabrlchnaya;  7 — Talgar;  8— Chilik; 

9 — 111;  10 — Alma-Ata;  11 — Frunze. 


Tsibul'chlk  [14]  used  seismogrsms  from  24  earthquakes  recorded 
by  as  many  as  16  permanent  and  temporary  seismographic  stations  in  the 
Altay-Sayan  and  Tuva  regions  of  Siberia  to  determine  regional  travel 
times.  The  data  were  acquired  with  SKM-3  seismographs  operating  at 
indicator  magnification  of  ~ 40,000.  The  predominant  phase  recorded 
at  A a 230  - 1000  km  with  a velocity  of  the  S phase  (3.56  km/s),  the 
formation  of  which  was  attributed  by  the  author  to  superposition  of 
multiples,  is  probably  the  Lg  phase.  The  travel  time  curves  of  this 
phase,  assumed  to  be  the  Lg,  and  other  body  waves  for  the  Altay-Sayan 
region,  are  plotted  in  Fig.  17. 
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Table  10  [13] 

TRAVEL  TIMES  OF  Lgt  AND  LgJ  ALONG  THE  CHATKAL 
RANGE-CHUY-ILI  VALLEYS  PROFILE  IN  KIRGIZIA 


A 

(ka) 

(S 

L8i 

(s) 

A 

(km) 

1*1 

<8> 

210 

59.4 

60.7 

410 

115.7 

220 

62.1 

63.4 

420 

118.5 

230 

64.9 

66.2 

430 

121.3 

240 

67.7 

69.0 

440 

124.0 

250 

70.6 

71.9 

450 

126.9 

260 

73.5 

74.8 

460 

129.7 

270 

76.2 

77.5 

470 

132.6 

280 

79.1 

80.4 

480 

135.3 

290 
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83.3 

490 

138.1 

300 

84.9 

86.2 

500 
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310 

87.9 

510 

143.6 
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90.7 

520 

146.5 
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93.3 

530 
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96.1 
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152.1 
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99.0 

550 
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101.7 

560 

157.5 
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104.5 

570 

160.3 
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163.1 
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Fig.  16 — Travel  time  curves  of  various  body  waves  along  the  Chatkal 
range-Chuy-lli  valleys  profile  in  Kirgizia  determined  by 
Medzhltova  and  Sabltova  (A),  Bune,  et  al.  (B) , and  Rozova 
(C)  [13].  Rozova's  tines  are  the  standard  times  used  in 
determining  epicenters  in  Kirgizia. 

The  numbers  on  the  right  side  are  velocities  in  km/s 


Lae  curves  of  Lg  end  other  phases  for  the  Altay-Sayan  region  of  Siberia  [14] 
represent  observation  data.  With  a mean  square  error  oQ  * 2 s,  the  data  on 
i approximated  by  a line  given  by  the  formula 


Travel  time  curves  of  various  phases  including  Lg|  from  a large 
chemical  explosion  and  two  local  earthquakes  in  Soviet  Central  Asia 
(see  footnote  on  pp.  22-23)  are  given  in  [9].  The  travel  time  curves 
of  all  phases  recorded  from  an  unspecified  large  cratering  explosion 
(m^  - 4.4  or  4.8)  are  shown  in  Fig.  18.  Figure  19  shows  travel  time 
curves  of  body  waves  and  the  Lg  phase  from  a shallow  earthquake  (Mo.  4 
in  Fig.  12)  and  Fig.  20  shows  travel  time  curves  for  body  waves  and  Lg 
from  a crustal  earthquake  (No.  2)  in  Fig.  12. 
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Fig.  18  — Travel  time  curves  of  body 
and  surface  waves  Including 
Lgx  generated  oy  a chemical 
explosion  somewhere  in  the 
area  of  Soviet  Central  Asia 
shown  in  Fig.  12.  Velocities 
are  given  in  km/s  [9] 


Fig.  19 — Travel  time  curves  of  body  waves  and  Lg  from  a 

crustal  earthquake  in  Soviet  Central  Asia  (No.  4 
in  Fig.  12)  [9].  Velocities  are  given  in  km/s 
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20 — Travel  time  curves  of 
body  waves  and  Lg 
from  a crustal  earth- 
quake in  Soviet  Central 
Asia  (No.  2 in  Fig.  12) 
[9].  Velocities  are 
given  in  km/s 
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VI.  AMPLITUDE  SPECTRA 


The  CliISS  Bean  velocity  amplitude  spectra  of  S and  Lg  recorded 
at  the  Talgar  station  at  four  different  epicentral  distance  ranges  were 
published  in  a paper  by  Nurmagambetov  [5].  The  mean  velocity  ampli- 
tude spectra  reduced  to  the  energy  class  K - 10  were  constructed  using 
seismograms  of  earthquakes  from  four  epicentral  zones:  vicinity  of 
Talgar  (A  = 30  km),  Chilik  (A  = 110  km),  Khan-Tengri  (A  * 260  km) 
and  Karakul'  (A  - 570  km).  The  velocity  amplitude  spectra  of  S and  Lg 
recorded  with  the  ChISS  seismograph  at  the  Talgar  station  at  four  dif- 
ferent epicentral  distances  are  shown  in  Fig.  21.  It  can  be  seen  from 
this  figure  that  at  short  epicentral  distances  the  peak  of  the  spectrum 
occurs  at  high  frequencies  (13  to  15  Hz).  As  the  distance  increases, 
the  peak  is  gradually  shifted  toward  lower  frequencies  and  at 
A = 570  km  it  is  found  at  0.8  to  1.5  Hz.  The  decrease  of  the  level 
of  mean  velocity  amplitude  spectra  with  distance  is  uneven  and  corre- 
sponds to  that  of  the  spectral  amplitude  distance  curves  shown  in 
Fig.  10.  The  amplitude-curves  in  Fig.  10  can  be  used  to  interpolate 
spectra  for  epicentral  distances  between  those  shown  in  Fig.  21. 

More  detailed  ChISS  velocity  amplitude  spectra  of  Lg  recorded 
at  the  Talgar  and  Vremennaya  (temporary)  stations  (see  Fig.  la)  at 
epicentral  distances  up  to  2500  km,  from  earthquakes  originating  in 
epicentral  zones  in  four  different  directions  from  Talgar  and  two 
different  directions  from  Vremennaya,  were  published  in  the  monograph 
by  Antonova,  et  al.  [6]. 

Figure  22  shows  the  velocity  amplitude  spectra  of  Lg  for  epi- 
central distances  from  350  to  2500  km  for  different  directions  of 
propagation  relative  to  the  Talgar  station.  The  spectra  were  normal- 
ized with  respect  to  M = 5.  Figure  23  shows  analogous  velocity  am- 
plitude spectra  for  Lg,  constructed  using  the  data  acquired  by  the 
Vremennaya  station,  for  two  azimuthal  directions,  the  first  of  which 
approximately  coincides  with  the  northwestern  and  eastern  directions 
for  the  Talgar  station  and  the  -second,  with  the  western  direction  for 
the  Talgar  station.  The  velocity  amplitude  spectra  of  Lg  for  a fixed 
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Fig.  21 — The  ChISS  velocity 

amplitude  spectra  of  S 
and  Lg  recorded  at  the 
Talgar  station,  reduced 
to  the  energy  class 
K * 10,  for  four  different 
epicentral  distances  [5). 
(The  epicentral  distance 
A is  in  km) 
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Fig.  22 — The  velocity  amplitude  spectra  of  Lg  phases  recorded  at 

the  Talgar  station  for  different  epicentral  distances  for  the 
northeastern  (a),  eastern  (b),  southern  (c) , and  western  (d) 
directions 
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Fig*  23 — The  velocity  amplitude  spectra  of 

Lg  phases  recorded  at  the  temporary 
Vremennaya  station  for  different  epi- 
central  distances  for  the  eastern  (a) 
and  southwestern  (b)  directions 


eplcentral  distance  A = 300  km  for  the  four  different  directions  of 
propagation  relative  to  the  Talgar  station  are  shown  in  Fig.  24. 

More  detailed  data  on  the  spectral  parameters  of  Lg  in  the  four 
directions  of  propagation  at  a distance  of  350  km  and  800  km  are 
given  in  Table  11.  In  this  table,  f denotes  the  position  of  ChISS 
spectral  peaks  and  y (f^/f^)  is  the  logarithm  of  the  ratio  of  spectral 
amplitudes  of  Lg  at  frequencies  f^  and  f ^ . 

The  differences  in  velocity  amplitude  spectra  of  Lg  that  are 
apparent  at  short  distances  are  similar  to  the  spectral  differences 
of  compresslonal  waves.  The  velocity  amplitude  spectra  in  the  north- 
eastern direction  have  the  highest  frequency  content.  However,  the 
low-frequency  spectral  component  increases  with  increasing  azimuth. 

For  example.  Table  11  shows  that  in  the  case  A = 350  km  the  maximum 
differences  between  y (f^  ^ / ^2.8^  reached  0.7  to  0.8  logarithmic 
unit  and  that  the  spectral  peak  in  the  northeastern  and  eastern  di- 
rections is  at  1.4  Hz,  while  in  the  western  direction  it  lies  below 
0.35  Hz.  In  all  but  the  southern  direction,  the  velocity  amplitude 
spectra  at  short  distances  are  characterized  by  anomalously  large  am- 
plitudes. The  velocity  amplitude  spectra  of  Lg  recorded  at  the 
Vremennaya  station  are  characterized  by  higher-frequency  content  than 
those  recorded  at  Talgar.  However,  the  general  behavior  of  the  shape 
of  the  velocity  amplitude  spectra  of  Lg  recorded  at  both  stations  is 
similar. 
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The  variation  of  the  shape  of  the  velocity  amplitude  spectra 
with  distance  is  best  illustrated  by  a plot  of  the  variation  of  ratios 
of  spectral  amplitudes  at  two  different  frequencies,  y (fj/fj),  with 
epicentral  distance,  such  as  Fig.  25.  This  figure  shows  the  variation 
of  the  logarithm  of  the  spectral  amplitude  ratio  with  distance  for 
two  ratios  of  spectral  amplitudes  of  Lg:  f ^ = 0.47  Hz, 
fj  * 0.9  Hz  (curve  1)  and  f^  ■ 0.9  Hz  and  f^  = 0.25  Hz  (curve  2). 

Figure  25  shows  that  the  variation  of  the  velocity  amplitude  spec- 
trum of  Lg  in  the  distance  range  between  200  and  700  km  is  less 
than  at  longer  distances.  The  biggest  changes,  characterized  by 
stronger  attenuation  of  higher  frequencies,  occur  in  the  distance 
range  between  600-800  km  and  1300-1400  km.  Oscillatory  behavior, 
characterized  by  stronger  attenuation  of  lower  frequencies,  occurs  in  the 
distance  range  1300  to  1700  km.  At  distances  exceeding  1500-2000  km, 
one  can  observe  weaker  regular  variation  in  the  shape  of  the  velocity 
amplitude  spectra  with  distance. 
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VII.  EFFICIENCY  OF  PROPAGATION 


A.  GENERAL 

The  Lg  phase  propagates  with  a varying  degree  of  efficiency 
along  continental  paths  and  is  completely  absent  along  oceanic  paths. 

The  most  efficient  propagation  occurs  across  stable  shield  and  plat- 
form regions  with  a relatively  homogeneous,  high-Q  crust,  such  as  the 
Siberian  and  Kazakh  platforms,  Indian  shield,  etc.  It  has  been 
suggested  that  the  efficiency  of  propagation  of  Lg  depends  on  the 
presence  of  the  granitic  layer:  very  efficient  when  its  thickness  is 
normal,  less  efficient  when  it  is  thin  and  completely  absent  when  the 
granitic  layer  is  absent.  Thus,  the  efficiency  of  propagation  of  Lg 
can  be  used  to  map  regions  with  crustal  structure  differing  from  those 
of  adjacent  areas.  Soviet  scientists  have  investigated  efficiency  of 
propagation  across  both  oceanic  and  crustal  structures  [6,8,11,15-25]. 

It  was  determined  that  in  continental  areas  the  Lg  is  not  propagated 
across  the  central  part  of  the  Black  Sea  [11,18-22],  the  Tibetan  plateau 
[6,8,23,2 4]  and  the  central  and  southern  parts  of  the  Caspian  Sea  [18,19]. 

B.  EFFICIENCY  OF  PROPAGATION  OF  Lg  ACROSS  THE  BLACK  SEA 

The  efficiency  of  propagation  of  Lg  across  the  Black  Sea  Basin 
was  investigated  in  [22]  using  seismograms  of  60  crustal  earthquakes 
with  surface  wave  magnitude  M - 4 to  5.5  originating  during  1950-1968. 

The  earthquakes  were  recorded  by  three  Caucasian  seismographic 
stations  (Tbilisi,  Erevan,  Sochi) , two  Crimean  stations  (Simferopol' , 
Yalta)  (see  Fig.  la) , two  Bulgarian  stations  (Sofia,  Dimitrograd)  and 
three  Turkish  stations.  The  efficiency  of  propagation  of  Lg  was 
investigated  by  examining  seismograms  to  see  if  Lg  is  strong,  weak, 
or  absent  and  plotting  these  three  types  of  paths  on  the  map.  In 
Fig.  26  continuous  lines  denote  propagation  paths  of  strong  Lg  and 
Rg;  dot-dashed  lines,  weak  Lg  and  Rg  and  broken  lines  denote  paths 
characterized  by  the  absence  of  Lg  and  Rg.  It  can  be  seen  from  this 
figure  that  without  exception  Lg  and  Rg  are  absent  when  the  path 
traverses  the  central  part  of  the  Black  Sea  basin.  This  is  clearly 


Fig.  26 — Propagation  paths  of  Lg  and  Rg  across  the  Black  Sea  Basin  [21] 
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demonstrated  by  the  12  July  1966  Anapa  earthquake  (A  in  Fig.  26)  origi- 
nating In  the  crust.  This  magnitude  M - 5.5  earthquake  was  clearly  re- 
corded by  all  stations  including  Tbilisi,  which  also  clearly  recorded  Lg 
and  Rg,  and  Sofia,  Istanbul,  et  al.,  which  did  not.  Similar  results  on 
the  absence  of  Lg  and  Rg  paths  across  the  central  part  of  the  Black 
Sea  were  also  obtained  in  [11,18-20,22].  Thus,  it  appears  that  the  crust 
under  the  central  part  of  the  Black  Sea  is  characterized  by  the  absence 
of  a granitic  layer.  This  conclusion  is  confirmed  by  both  extensive  DSS 
and  gravity  data. 

The  method  used  did  not  allow  the  determination  of  the  boundaries  of 
the  region  characterized  by  the  absence  of  the  granitic  layer.  However, 
a rough  estimate  shows  that  this  boundary  falls  between  the  1500  and 
2000  m isobaths  and  follows  the  outline  of  the  Black  Sea  coast. 

C.  EFFICIENCY  OF  PROPAGATION  OF  Lg  ACROSS  CENTRAL  ASIA  AND  ADJACENT  REGIONS 

The  propagation  of  Lg  along  the  paths  across  Central  Asia  and  the 
adjacent  areas  in  China,  Mongolia,  Soviet  Central  Asia,  Kazakhstan, 

Siberia,  India  and  parts  of  Pakistan,  Afganistan  id  Iran,  i.e. , an 
area  with  boundaries  extending  approximately  between  75°  and  125°  E 
Long,  and  20°  N Lat.,  was  investigated  in  [6,8,23,24]. 

The  analysis  was  based  on  seismograms  of  earthquakes  from  two 
groups  of  stations  located  north  and  south  of  Central  Asia.  The 
northern  group  includes  the  following  Soviet  stations:  Talgar  (TLG) , 
Novosibirsk  (NSB) , Bodoh  (BDN)  (see  Fig.  la).  Selected  seismograms 
from  the  Garm  station  (GRM)  were  also  used.  The  southern  group  included 
the  following  WWSSN  stations  in  India  and  Southeastern  Asia:  New  Delhi 
(NDI) , Chlengmai  (CHG) , Shillong  (SHL)  and  others.  The  data  from  the 
four  Soviet  stations  consisted  of  records  of  multiple  bandpass,  vertical- 
component  ChISS  seismographs  operating  in  the  0.2  to  20  s period  range 
(modified,  longer-period  version  of  the  ChISS  seismograph  discussed  on 
p.  1 of  this  note).  The  data  from  the  WWSSN  seismographic  stations 
consisted  of  records  of  standard  short-period  and  intermediate-period 
instruments.  Several  hundred  records  of  earthquakes  from  different 
focal  zones  located  both  inside  the  region  Investigated  and  along  its 
boundaries  were  used  in  the  analysis.  Most  of  the  magnitudes  of 
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earthquakes  utilized  were  between  4.5  and  5.5  The  eplcentral  distances 
varied  between  300  1m  and  3000  and  3500  km. 

The  efficiency  of  propagation  of  Lg  was  investigated  by  examining 
the  seismograms  to  see  if  Lg  is  strong,  weak  (amplitude  of  Lg  approx- 
imately equal  to  or  somewhat  weaker  than  that  of  P),  or  absent.  The 
epicenters  of  these  three  groups  of  earthquakes  were  plotted  on  a map. 
Four  such  maps  of  earthquakes  recorded  at  the  Talgar,  Vremennaya , 
Novosibirsk  and  Bodon  stations  are  shown  in  Figs.  27,  28,  29  and  30, 
respectively. 

Analysis  of  the  data  shown  in  Figs.  27  through  30  shows  that  Lg 
propagates  efficiently  across  the  Eurasian  platform  and  across  the 
Indian  Shield.  The  Lg  phase  is  also  recorded  with  large  amplitudes 
at  Talgar  and  Novosibirsk  when  the  paths  between  the  station  and  the 
earthquakes  originating  in  the  Kunlun  and  Altyn  Tagh  cross  the  Tarim 
basin.  However,  the  signals  are  less  sharp  than  the  signals  propa- 
gating along  paths  crossing  only  the  Indian  Shield  or  the  Siberian 
Platform.  As  the  paths  that  cross  the  Tarim  basin  also  cross  the 
Tien  Shan,  the  less  sharp  signals  can  be  attributed  to  the  variation 
in  structure  beneath  the  Tien  Shan.  Lg  also  propagates  efficiently 
across  another  large  stable  area,  southwest  China. 

The  propagation  of  Lg  across  the  Tien  Shan  is  less  efficient 
when  paths  are  more  oblique  to  the  trend  of  the  range  than  when  they 
are  perpendicular  to  it.  Earthquakes  in  the  eastern  Tien  Shan  radiate 
clear  Lg  phases  to  stations  in  Novosibirsk  and  Bodon,  but  at  Talgar, 

Lg  is  often  very  weak.  The  differences  in  the  signals  may  be  partially 
attributed  to  the  different  amounts  of  the  paths  in  the  more  compli- 
cated structure  of  the  Tien  Shan. 

In  contrast,  Lg  was  completely  absent  for  paths  across  the 
Tibetan  plateau.  Since  Lg  from  the  same  earthquakes  propagating  along 
paths  which  do  not  cross  Tibet  were  generally  recorded  (see  Figs.  30 
and  31) , the  absence  of  Lg  can  be  attributed  to  Tibet  or  its  margin 
and  not  the  sources.  This  is  clearly  illustrated  by  Fig.  33,  which  shows 
amplitude-distance  curves  of  Lg  propagating  along  two  different  direc- 
tions (Baykal  and  Tibet) , recorded  a.-  the  Talgar  and  Vremennaya 
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Fig.  27 — Epicenters  of  earthquakes  recorded  at  the  Talgar  station 
classified  according  to  whether  Lg  on  the  seismograms  ac- 
quired with  the  multiple-bandpass  ChISS  seismograph  systam 

is  clear,  weak  or  absent  [8,24] 

o Lg  clear 
e Lg  weak 
a Lg  absent 
large  faults 


stations.  It  can  be  seen  from  this  figure  that  at  epicentral  distances 
corresponding  to  the  northern  boundary  of  the  Tibetan  plateau  the  ampli- 
tudes of  Lg  propagating  in  the  Tibet  direction  diminish  by  an  order  of 
magnitude  in  comparison  with  the  amplitudes  of  Lg  propagating  in  the 
Baykal  direction.  Since  in  determining  the  amplitude  curves  in  Fig.  33 
when  the  Lg  phase  was  absent  the  authors  measured  the  amplitudes  of 
phases  within  the  sector  of  the  seismogram  where  Lg  should  have  been  re- 
corded, the  actual  decrease  in  amplitudes  of  Lg  along  the  Tibetan  pla- 
teau direction  was  much  greater  than  that  shown  in  Fig.  33.  It  is  in- 
teresting to  note  that  the  Baykal  rift  zone  has  no  effect  on  the  effi- 
ciency of  propagation  of  Lg  across  this  structure. 
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Fig.  29 — Epicenters  of  earthquakes  recorded  at  the  Novosibirsk 

station  classified  according  to  whether  Lg  on  the  seismo- 
grams acquired  with  the  multiple-bandpass  ChISS  seismograph 
system  is  clear,  weak  or  absent  [8,24] 

o Lg  clear 

e Lg  weak 

• Lg  absent 

large  faults 


The  northern  boundary  separating  the  region  from  which  Lg  is  or 
is  not  transmitted,  determined  with  an  accuracy  of  ~ 100  km  (the  error 
of  determining  epicenter  coordinates  is  ~30  to  50  km),  extends  approx- 
imately between  34°  and  35.5°  N (see  Figs.  31  and  32).  Since  earth- 
quakes originating  in  the  Himalayas  generally  radiate  Lg  to  stations 
in  India  and  the  earthquakes  in  the  Kunlun  and  Altyn  Tagh  radiate  to 
stations  in  the  USSR,  the  southern  boundary  is  not  clearly  defined  and 
appears  to  be  in  the  northern  part  of  the  Himalayas  or  the  southern 
part  of  the  Tibetan  Plateau. 


Fig.  30  — Epicenters  of  earthquakes  recorded  at  the  Bodon  station 
classified  according  to  whether  Lg  on  the  seismograms 
acquired  with  the  multiple-bandbass  ChISS  seismograph 
system  is  clear,  weak  or  absent  [8,24] 

o Lg  clear 

• Lg  weak 

• Lg  absent 
large  faults 


Weak  boundaries  causing  a decrease  in  the  amplitudes  of  Lg  can 
also  be  identified.  For  example,  a weak  boundary  (see  Figs.  31  and 
32  ) extends  along  the  Hindu-Kush-Karakorum  arc  and  its  southeastern 
extension.  Weak  boundaries  also  coincide  with  the  Cls-Kopet-Dag 
downwarp  and,  further  to  the  east,  with  the  Gerat  fault  and  the 
northwestern  margin  of  the  Indian  shield. 

In  suninary,  Lg  is  reliably  recorded  in  all  parts  of  the  Asian 
continent  north  of  the  Kopet-Dag  and  its  extensions,  north  of  the 
Tibetan  plateau  and  within  the  Indian  shield.  The  Lg  phases  are 
attenuated  when  crossing  Pamir-Hindu-Kush  and  Tien  Shan  and  especially 
when  the  path  extends  along  the  Tien  Shan  and  the  Himalayas.  The  Lg 


Fig.  31 — Map  showing  interpretation  of  selected  paths  to  northern 
stations  [8,24] 

a — seismo graphic  stations 
b — epicenters 

c — apparent  sharp  boundaries  of  Lg  propagation 

d — less  sharp  boundaries 

e — presumed  southern  boundary 

f — clear  Lg 

g — no  Lg 

h — weak  Lg 

i — large  faults 

phases  disappear  when  generated  by  earthquakes  located  within  the 
Tibetan  plateau  or  when  the  path  even  partially  crosses  this  region 
(100  to  150  km  of  the  path  along  Tibet  is  sufficient  for  the  Lg 
phases  to  disappear  completely). 

While  the  amplitudes  of  Lg  decrease  when  crossing  the  boundary 
of  the  Tibetan  plateau,  the  shape  of  the  spectra  of  Lg  hardly  changes 
at  all.  Thus,  it  appears  unlikely  that  the  disappearance  of  Lg  when 
the  path  crosses  the  Tibetan  plateau  can  be  attributed  to  attenuation. 
Since  Lg  is  known  to  propagate  efficiently  in  areas  characterized  by 
sharp  changes  in  the  crustal  thickness  and  composition  of  the  crust 


Fig.  32 — Map  showing  interpretation  of  selected  paths  to  southern  stations: 

triangles,  stations;  circles,  epicenters;  dense  hatching,  apparent 
sharp  boundaries  of  Lg  propagation;  open  hatching,  less  sharp 
boundaries;  dashed  hatching,  presumed  southern  boundary;  solid 
line,  clear  Lg;  dashed  line,  no  Lg;  dotted-dashed  line,  weak  Lg; 
and  heavy  dark  line,  large  faults  [8,24] 

(Pamir-Tadzhik  basin,  Hindu-Kush-Badakhsh  basin,  etc.),  a sharp  change 
in  crustal  thickness  appears  to  be  also  unlikely  to  cause  disappearance 
of  Lg.  Therefore,  the  absence  or  wedging  out  of  the  granitic  layer  is 
probably  the  cause  of  absence  of  Lg  when  the  path  crosses  at  least  a 
sector  of  the  Tibetan  plateau. 

The  efficiency  of  propagation  of  Lg  across  Central  Asia  and  ad- 
jacent regions  was  also  investigated  in  [25]  using  seismograms  from  as 
many  as  54  seismographlc  stations  along  the  3500— km— long  Pamir— Lena  River 
profile  (A-A'  in  Fig.  la).  Efficiency  of  propagation  was  investigated 
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Fig.  33 — Amplitude-distance  (attenuation)  curves  of  Lg 
recorded  by  the  Talgar  (a)  and  Vrtraennaya  (b) 
seimographic  stations  [6] 

Baykal  direction, Tibet  direction 

The  hatched  area  denotes  the  eplcentral  distance 
range  corresponding  to  the  boundary  of  the  Tibetan 
plateau 
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along  paths  from  earthquakes  to  the  stations  crossing  large  structures 
of  Interest.  The  results  obtained  were  plotted  In  terms  of  the 
amplitude  ratios  A^/Ap  recorded  by  the  stations  along  the  profile. 

Figures  34  through  38  show  plots  of  A^/A^  from  eplcentral  regions  in 
Cisbaykal,  Sinklang  province,  Gobi  desert.  Southwest  China  and 
Himalayas.  Each  figure  includes  a map  of  the  area  showing  epicenters, 
locations  of  stations  along  the  profile  and  the  Important  structural 
features  of  the  region.  From  Figures  34  through  38  it  can  be  seen 
that  the  amplitudes  of  Lg  decrease  3 to  7 times  along  the  paths  across 
Altay,  6 to  8 times  across  the  Himalayas  and  10  times  across  Tibet. 
However,  these  conclusions  were  reached  on  the  basis  of  analysis  of 
a small  number  of  earthquakes. 

D,  EFFICIENCY  OF  PROPAGATION  OF  Lg  ACROSS  THE  CASPIAN  SEA 

The  efficiency  of  propagation  of  Lg  and  Rg  across  the  Caucasus  and 
adjacent  areas  was  investigated  in  [18]  using  seismograms  of  58  earth- 
quakes with  surface  wave  magnitudes  M > 4,  originating  during  1950-1960 
at  eplcentral  distances  A *=  600  to  6000  km.  The  earthquakes  were  re- 
corded with  three-component,  broadband  SK  seismographs  at  the  Tbilisi 
station  (41°43'N,  44°48'E).  The  efficiency  of  propagation  of  these 
phases  was  investigated  by  examining  the  seismograms  to  see  if  Lg  and 
Rg  are  present  or  absent  and  plotting  these  two  types  of  paths  on  a 
map.  In  Fig.  39,  continuous  lines  denote  efficient  propagation  paths 
of  Lg  and  Rg  and  dashed  lines  denote  paths  characterized  by  their  absence. 
From  this  figure  it  can  be  seen  that  the  Lg  and  Rg  from  14  earthquakes 
traversing  the  southern  and  central  parts  of  the  Caspian  Sea  Basin  are 
not  recorded,  while  these  phases  from  three  earthquakes,  traversing 
the  northern  part  of  the  Caspian  Sea  Basin  are  recorded.  Similar 
results  were  also  obtained  in  [19]  using  the  same  technique  on  numerous 
earthquakes  originating  in  1960  to  1961  at  A = 400  to  600  km  and  re- 
corded at  the  Tbilisi,  Simferopol',  Sochi  and  Erevan  seismographic 
stations. 
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Fig.  34 — Relative  amplitude-distance,  i.e.,  A_  /A^, 
curves  for  seismic  waves  generated 
by  four  earthquakes  originating  in  the 
Cisbaykal  region  and  recorded  by  seismographic 
stations  along  the  Pemir-Lena  River  profile  [25] 

• — recorded  by  short— period  SKM— 3 seismograms 

o - recorded  by  unspecific  long-period  (probably 
SKD)  seismograms 

III-  mountain  chain 

The  date  identifies  the  earthquake.  A few 
straight  lines  show  the  path  from  the  earth- 
quakes to  the  seismographic  stations 


Fig.  35 — Relative  amplitude-distance,  i.e.,  A_  /A p, 
curves  for  seismic  waves  generated  K 
by  four  earthquakes  originating  in  the 
Sinkiang  province  and  recorded  by  seismo- 
graphic  stations  along  the  Pamir-Lena  River 
profile  [25] 

• - recorded  by  short-period  SKM-3  seismograms 

o - recorded  by  unspecified  long-period  (probably 
SKD)  seismograms 

III  - mountain  chain 

The  date  identifies  the  earthquake.  A few  straight 
lines  show  the  paths  from  the  earthquakes  to  the 
selsmographic  stations 


Fig.  36 — Relative  amplitude-distance , i.e.,  A,  /A^, 
curves  for  seismic  waves  generated  ® 
by  four  earthquakes  originating  in  the  Gobi 
desert  and  recorded  by  seismographlc  stations 
along  the  Pamir-Lena  River  profile  [25] 

e - recorded  by  short-period  SKM-3  seismograms 

o - recorded  by  unspecified  long-period  (probably 
SKD)  seismographs 

III-  mountain  chain 

The  date  identifies  the  earthquake.  A few  straight 
lines  show  the  paths  from  the  earthquakes  to  the 
seismographlc  station 
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Fig.  37 — Relative  amplitude-distance,  i.e. , A.  /A_, 
curves  for  seismic  waves  generated  8 
by  four  earthquakes  originating  in  South 
West  China  and  recorded  by  8elsmographic 
stations  along  the  Pamir-Lena  River  profile  [25] 

e - recorded  by  short-period  SKM-3  seismograms 

o - recorded  by  unspecified  long-period  (probably 
SKD)  seismograms 

III  - mountain  chain 

The  date  identifies  the  earthquake.  A few  straight 
lines  show  the  paths  from  the  earthquakes  to  the 
seismographic  stations 


Fig-  38 — Relative  amplitude-distance,  i.e.,  A. 
curves  for  seismic  waves  generated 
by  four  earthquakes  originating  in  the 
Himalayas  and  recorded  by  seismographic 
stations  along  the  Pamir-Lena  River  profile  [25] 

s - recorded  by  short-period  SKM-3  seismographs 

o - recorded  by  unspecific  long-period  (probably 
SKD)  seismographs 

III  - mountain  chain 

The  date  identifies  the  earthquake.  A few  straight 
lines  show  the  paths  from  the  earthquakes  to  the 
seismographic  station 


Fig.  39 — Propagation  paths  of  Lg  and  Rg  across  the  Caspian 
Sea  Basin  [18] 

Propagation  paths  characterized  by  the 

presence  of  Lg  and  Rg 


Propagation  paths  characterized  by  the 

absence  of  Lg  and  Rg 
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